The gastrointestinal (GI) epithelium is a rapidly renewing tissue in which apoptosis represents part of the overall homeostatic process. Regulation of apoptosis in the GI epithelium is complex with a precise relationship between cell position and apoptosis. Apoptosis occurs spontaneously and in response to radiation and cytotoxic drugs at the base of the crypts. By contrast, the villus epithelial cells are extremely resistant to apoptosis. The molecular mechanism underlying this loss of function of villus epithelial cells to undergo apoptosis shortly after their exit from the crypt is unknown. In this study we demonstrate for the first time, that deletion of two homologous actin-binding proteins, villin and gelsolin renders villus epithelial cells extremely sensitive to apoptosis. Ultrastructural analysis of the villin-gelsolin À/À double-knockout mice shows an abnormal accumulation of damaged mitochondria demonstrating that villin and gelsolin function on an early step in the apoptotic signaling at the level of the mitochondria. A characterization of functional and ligand-binding mutants demonstrate that regulated changes in actin dynamics determined by the actin severing activities of villin and gelsolin are required to maintain cellular homeostasis. Our study provides a molecular basis for the regulation of apoptosis in the GI epithelium and identifies cell biological mechanisms that couple changes in actin dynamics to apoptotic cell death.
The gastrointestinal (GI) epithelium is a rapidly renewing tissue in which apoptosis represents part of the overall homeostatic process. Regulation of apoptosis in the GI epithelium is complex with a precise relationship between cell position and apoptosis. Apoptosis occurs spontaneously and in response to radiation and cytotoxic drugs at the base of the crypts. By contrast, the villus epithelial cells are extremely resistant to apoptosis. The molecular mechanism underlying this loss of function of villus epithelial cells to undergo apoptosis shortly after their exit from the crypt is unknown.
In this study we demonstrate for the first time, that deletion of two homologous actin-binding proteins, villin and gelsolin renders villus epithelial cells extremely sensitive to apoptosis. Ultrastructural analysis of the villin-gelsolin À/À double-knockout mice shows an abnormal accumulation of damaged mitochondria demonstrating that villin and gelsolin function on an early step in the apoptotic signaling at the level of the mitochondria. A characterization of functional and ligand-binding mutants demonstrate that regulated changes in actin dynamics determined by the actin severing activities of villin and gelsolin are required to maintain cellular homeostasis. Our study provides a molecular basis for the regulation of apoptosis in the GI epithelium and identifies cell biological mechanisms that couple changes in actin dynamics to apoptotic cell death. The gastrointestinal (GI) epithelium is characterized by a very high cellular turnover rate, which leads to renewal of the intestinal epithelium every 3-5 days. 1 Apoptosis is a key regulator of this normal turnover. 1 Abnormalities associated with apoptosis in the epithelium have been linked to most major GI disorders, including ischemia reperfusion injury, graft-versus-host disease, inflammatory bowel disease, necrotizing enterocolitis, celiac disease, GI infections and colorectal cancer. [2] [3] [4] A very intriguing feature of apoptosis in the intestine is that post-mitotic epithelial cells that migrate out of the crypts and move up the villi rapidly lose their ability to undergo apoptosis. 5 The molecular mechanism responsible for the acquisition of this highly resistant phenotype of the villus cells within a few hours of their exit from the crypts has been perplexing and has remained unidentified. Characterization of this apoptosis-resistant phenotype of the villus cell could identify abnormalities in apoptosis that initiate colorectal cancer and its resistance to chemotherapeutic drugs and radiotherapy. 2 Radiation therapy is an established treatment for both primary and recurrent abdominal malignancies, including colorectal, urological, and gynecological cancers. However, a major side effect of radiation therapy is radiation enteropathy that is characterized by loss of the epithelial barrier, mucosal inflammation and progressive fibrosis, which can lead ultimately to organ failure. Radiation enteropathy develops exclusively as a result of crypt cell death. 6 There is currently no effective treatment or preventive approach for this unwanted enteropathy. A better understanding of the apoptosis-resistant phenotype of the villus cell could provide an endogenous mechanism to sustain mucosal integrity, modulate vulnerability to cytotoxic injury and, modulate the reparative response of the GI epithelium during radiation therapy. 7 Villin and gelsolin belong to a family of actin-binding proteins that share significant structural and functional homology. 8 Both proteins share six repeated domains with very similar ligand-binding sites for G-actin, F-actin and phosphatidylinositol 4,5-bisphosphate (PIP 2 ). 8 Both proteins sever, cap and nucleate actin filaments and similar to villin, gelsolin is expressed in very significant amounts in the intestine where it localizes to the apical surface of enterocytes. 9 In this study we describe a fortuitous observation, that deletion of villin and gelsolin renders villus epithelial cells like the crypt epithelial cells, extremely sensitive to both 'spontaneous' and 'radiation-induced' apoptosis. Our study elucidates a new molecular mechanism of apoptosis in the GI epithelium and identifies the complex connections between the hierarchies to undergo apoptotic cell death along the crypt-villus axis. Our study demonstrates that a threshold of dynamic actin is crucial for cellular homeostasis. To the best of our knowledge, this is the first demonstration of any 'endogenous' protein regulating apoptosis in the villus epithelial cells. The novelty of our observation allows us to also identify the complex cellular and molecular mechanisms regulated by villin and gelsolin to modify the apoptotic response of the GI epithelium that could provide a molecular basis for the etiopathogenesis of many GI diseases.
Results
Villin inhibits apoptosis by preserving actin dynamics. We have previously shown that villin is a key regulator of apoptosis in the GI epithelium. 10 In eukaryotic cells, changes in total cellular actin have been linked to apoptotic cell death. 11 Hence, we hypothesized, that villin could inhibit apoptosis by preventing the accumulation of F-actin. To test this hypothesis, we used Madin-Darby canine kidney epithelial cell line (MDCK) Tet-Off cells stably transfected with human villin, cultured in the absence (VIL/ WT) or presence (VIL/NULL) of doxycycline. Total cellular F-and G-actin content of VIL/NULL and VIL/WT cells treated without or with camptothecin (CPT, 20 mM, 5 h, 371C) was measured as described by us previously. 10 The levels of filamentous actin were similar in untreated VIL/NULL and VIL/WT cells, although VIL/WT cells showed a reorganization of F-actin consistent with previous reports that expression of villin results in the loss of stress fibers and redistribution of F-actin ( Figure 1a) . 12 Following exposure to CPT the levels of F-actin were significantly increased in VIL/NULL cells (*Po0.001 compared with VIL/NULL cells in the absence of CPT and # Po0.001 compared with VIL/WT cells; n ¼ 6). In contrast, VIL/WT cells showed no significant changes in total F-actin levels following CPT treatments, indicating that villin prevents CPT-induced accumulation of F-actin. Flow cytometric analysis revealed an increase in the total F-and a decrease in the total G-actin content in VIL/NULL cells following CPT treatment (Figure 1b, Supplementary  Figure 1A ). In contrast, CPT-treated VIL/WT cells maintained their cellular G-and F-actin levels similar to untreated control cells (Figure 1b, Supplementary Figure 1A) . Consistent with that, VIL/WT cells had higher levels of free barbed ends compared with VIL/NULL cells (Po0.05, n ¼ 3; Figure 1c ). In response to CPT, the number of free barbed ends in VIL/NULL cells decreased significantly, (Po0.01, n ¼ 3). Following CPT treatment, the number of free barbed ends in VIL/WT cells increased quite significantly (Po0.01, n ¼ 3) indicating increased actin severing. These results reveal that the susceptibility of epithelial cells to undergo apoptosis correlates with changes in total cellular F-actin levels.
Furthermore, the ability of villin to sever actin and maintain steady-state actin dynamics appears to contribute to its antiapoptotic function.
The actin-severing activity of villin is required for its anti-apoptotic function. On the basis of the studies done in yeast, plant and mammalian cells, two models have been proposed to describe the regulation of apoptosis by the microfilament structure. The first predicts that actin stabilization promotes apoptosis. 13 The second predicts that the PIP 2 binding activity of actin-regulatory proteins influences the execution phase of apoptosis.
14 Villin is an actin-severing protein that binds PIP 2.
8 To identify the molecular mechanism by which villin modifies GI homeostasis, wild-type and mutant villin proteins that either lack the actin-severing domain (PB2) or lack each of the three identified PIP 2 binding domains of villin (PB1, PB2 or PB5) were characterized for their anti-apoptotic function. These mutants were constructed and expressed in MDCK cells as summarized in Supplementary Figure 2 . Functional characterization of these mutants, including their effect on actin kinetics have been described in our previous studies.
15
PB2 represents an overlapping PIP 2 and F-actin side-binding site that regulates actin severing by villin. 16 Mutation of three basic residues R138A, K145A and R146A (VIL/RKR) within the PB2 domain of villin also results in the complete loss of actin severing by villin and PIP 2 binding by this domain of villin. 15, 16 To distinguish between the overlapping PIP 2 and actin-severing functions of villin domain PB2, we generated an additional mutant VIL/R138A. We have previously shown that mutation of this single residue, R138 within the PB2 domain of villin (R138A) results in significant (B85%) loss of PIP 2 binding by this site. 15 However, mutation of R138 (R138A) has a negligible effect on the actin-severing activity of villin. 16 Consistent with our previous findings, a significant increase in the number of apoptotic VIL/NULL cells was noted 5 h post-CPT treatment, whereas no significant change in cell death was noted in VIL/WT cells (Figure 2a,  Supplementary Figure 1B) . 10 Deletion of the PIP 2 binding sites PB1 and PB5 had no significant effect on cell viability. In contrast, VIL/DPB2 and VIL/RKR showed a significant increase in DNA fragmentation and a comparable increase in propidium iodide (PI) positive cells (asterisk denotes Po0.01, n ¼ 6). However, the villin mutant VIL/R138A showed no significant change in the number of apoptotic cells compared with VIL/WT cells. In keeping with these data there was a significant inhibition of executor caspase-3 in cells expressing full-length villin, PB1, PB5 and R138A, whereas VIL/NULL and cells expressing villin mutants PB2 and RKR showed a significant increase in the caspase-3 activity as early as 4 h post-treatment (asterisk denotes Po0.01, n ¼ 6 compared with VIL/NULL cells; Figure 2b) . Together these data demonstrate that the actin-severing activity of villin is required for its anti-apoptotic function.
Gelsolin inhibits apoptosis by preserving actin dynamics. Gelsolin is the closest homolog of villin and it exhibits remarkable homology to villin in a region where the actinsevering activity of both proteins resides. 17 To determine whether actin severing is a conserved regulatory pathway to Figure 1D ). Similar to VIL/WT cells, GSN/WT cells also showed higher actin filament severing activity with a significant increase in the number of free barbed ends in response to CPT treatment ( Figure 3d ). Together, these data make a case for the presence of a conserved actin-cytoskeleton mediated mechanism that underpins the regulation of apoptosis in GI epithelial cells.
Regulated actin severing inhibits apoptosis. Remodeling the actin cytoskeleton in response to stress is a fundamental process in eukaryotic cells. Our data demonstrate that actin severing by villin and gelsolin prevents apoptosis. On the basis of that we asked if global changes in total cellular F-actin can prevent cell death. We tested the effects of the actin depolymerizing drug latrunculin on CPT-induced apoptosis in VIL/NULL and VIL/WT cells. Dose-response studies were done to identify appropriate concentration of drugs to depolymerize or stabilize actin (Supplementary Figure 3) . Treatment of VIL/NULL cells with latrunculin did not prevent apoptosis (Supplementary Figure 4A) . More surprisingly, pre-treatment of CPT-treated VIL/WT cells with latrunculin induced apoptosis in cells that were otherwise resistant to CPT-induced apoptosis (Supplementary Figure  4B) . These findings indicated to us that maintaining a threshold of dynamic actin rather than actin severing per se was crucial for cellular homeostasis.
Villin is tyrosine-phosphorylated both in vitro and in vivo and tyrosine phosphorylation of villin enhances its actin-severing function. 18 We have previously identified 10 phosphorylation sites in villin and demonstrated that mutation of these sites inhibits the actin severing activity of villin. 19 Further, we have demonstrated the absolute requirement of c-Src kinase for tyrosine phosphorylation of villin. 20 Gelsolin is also tyrosinephosphorylated by c-Src kinase, although the tyrosinephosphorylated residues and the significance of phosphorylation for the actin-regulatory functions of gelsolin have not been identified. 21 To characterize the significance of tyrosinephosphorylated villin in the regulation of epithelial cell viability, we elected to use the pharmacological inhibitor of c-Src kinase, PP2 (10 mM) and its negative control PP3 (10 mM), as well as the mutant villin protein that lacks the tyrosine phosphorylation sites (VIL/AYFM). 19 VIL/AYFM is not tyrosine-phosphorylated in vitro or in MDCK cells. 19 As shown in Figure 4a , villin is tyrosine-phosphorylated in response to CPT treatment. Pre-treatment of VIL/WT cells with PP2 (10 mM) reversed the anti-apoptotic effects of villin (Figure 4b ; Supplementary Figure 1E ). PP2 by itself had no effect on the actin cytoskeleton (data not shown). We have previously shown that PP2 prevents the tyrosine phosphorylation of villin. 22 Cells expressing VIL/AYFM showed a significant increase in the number of apoptotic cells in response to CPT treatment ( Figure 4c; Supplementary Figure 1F) . In agreement with these data, there was a significant increase in the caspase-3 activity in VIL/NULL and VIL/AYFM cells but not in cells expressing full-length villin (Po0.01, n ¼ 6; Figure 4d ). As the PIP 2 and F-actin binding sites within PB2 are overlapping in villin and gelsolin, the tyrosine phosphorylation site mutant also provides independent validation of the significance of actin severing for villin's anti-apoptotic function. Thus, the anti-apoptotic function of villin is lost if the actin-severing activity of villin is inhibited either by deletion of the F-actin side-binding and severing domain (VIL/DPB2, VIL/ RKR) or by mutation of the phosphorylation sites (VIL/AYFM). Pre-treatment of GSN/WT cells with PP2 (10 mM) likewise reversed the anti-apoptotic effects of gelsolin (Supplementary Figure 5) . We suggest that phosphorylation of villin and gelsolin could provide a molecular basis to regulate apoptosis in the GI epithelium that could be used as a therapeutic target to modify apoptosis in the GI epithelium. 23 Our mutational studies were limited to villin as similar mutants have not yet been characterized for gelsolin.
Villin and gelsolin regulate 'spontaneous' and 'stimulated' apoptosis in the intestinal villus cells. On the basis of the overlapping functions of villin and gelsolin in the regulation of apoptosis, we elected to examine the effect of deleting both these actin-severing proteins from the GI epithelium. The specific function of gelsolin in the GI epithelium and the functional redundancy and compensatory expression of villin and gelsolin in GI epithelial cells has never been addressed previously. To understand the functions of these closely related actin-severing proteins we created the villin/gelsolin À/À double-knockout mice (DKO). The DKO mice were genotyped by PCR and verified by immunohistochemistry (Supplementary Figure 6) . Several phenotypic changes were identified within the DKO colony housed in conventional, specific pathogen-free conditions. Blood biochemistry was performed on eight DKO and eight WT littermates at 10 weeks of age, using a commercial facility (Anl Lytics, Inc. Gaithersburg, MD, USA) that showed significantly higher levels of lactate dehydrogenase (twofold increase, Po0.05, n ¼ 8), amylase (fourfold increase, Po0.01, n ¼ 8) and alanine aminotransferase (serum glutamic pyruvic transaminase; twofold increase, Po0.05, n ¼ 8) all indicative of cellular damage, high rates of cell death and cell turnover in tissue associated with the GI tract. At 10 weeks of age, hematoxylin and eosin (H and E) staining was performed, as previously described, which identified chronic mucosal damage with shortened and blunted villi in DKO mice compared with their WT littermates (Figures 5a and b, *Po0.001, n ¼ 8). 10 These morphological changes could be attributed to the higher rates of apoptosis in the DKO mice compared with their WT littermates. The DKO mice also had a much higher frequency of goblet cells (Figures 5a and c ; *Po0.01, n ¼ 8). The increase in the number of goblet cells in DKO mice may be an adaptive response to enhance the restorative function of the gut. This is consistent with the current thinking that goblet cells have a part in the protection rather than the pathogenesis of intestinal disorders. 24 It may be noted that a strong association between abnormal apoptosis, increased goblet cell numbers and GI disorders has been described previously. 25 Similar biochemical, morphological or histological changes were not noted in wild-type, villin or gelsolin single-knockout mice (Supplementary Figure 7A) .
We also made the novel and unexpected observation that in the untreated DKO mice apoptotic cells appeared 'spontaneously' outside the crypts, all along the length of the villi (Figure 5d ). Consistent with previous studies, we noted no apoptotic villus cells in the WT mice, under these conditions (Figure 5e ). 5 Furthermore, we noted that in WT mice, the apoptotic response to 8 Gy radiation (4 h) was greatest in epithelial cells located in the crypts (Figure 5e ). Some apoptotic cells were seen in the lamina propria but none in the post-mitotic villus enterocytes of the WT mice. A significant increase in the number of apoptotic bodies was identified from H and E section of DKO mice treated with 8 Gy radiation (Figures 5e and f; Po0.01 compared with WT littermates). Moreover, in the DKO mice apoptotic cells extended beyond the crypts, showing increased susceptibility of villus epithelial cells to g-radiation-induced apoptosis (Figure 5g ). In fact, apoptotic cells appeared at different positions all along the length of the villi of DKO mice treated with 8 Gy radiation ( Figure 5h ). As gelsolin is also expressed in dendritic cells, macrophages and vascular cells of the lamina propria, a slight increase in the number of apoptotic cells was noted in the lamina propria and submucosa of DKO mice compared with the WT littermates that was similar to that noted in gelsolin À/À mice (Supplementary Figure 7B) . There was no significant difference in the proliferation rates in the small bowel of WT and DKO mice (Supplementary Figure 8) .
Transmission electron microscopy of the small bowel of 10-week-old DKO mice (n ¼ 8) was performed on samples from proximal to distal ileum. Significant alterations in the microfilament structure were noted in the enterocytes of DKO mice compared with WT mice consistent with changes described previously in the villin À/À and gelsolin À/À knockout mice (data not shown). 26, 27 However, the most significant change that was noted only in the DKO mice was the presence of a large number of structurally abnormal mitochondria ( Figure 6A ) that were not seen in the WT, villin À/À or gelsolin À/À mice (Supplementary Figure 9) . The majority of the mitochondria in DKO mice (78% Po0.001, n ¼ 8) showed evidence of damage, including complete loss or disorganization and collapse of cristae together with an accumulation of spherical, homogenous electron-dense lipid inclusions within the mitochondria ( Figure 6B ). This strong defect in the mitochondrial structure in the DKO mice correlates with the abnormal susceptibility of DKO villus cells to both spontaneous and gradiation-induced apoptotic cell death. The selective involvement of mitochondria in DKO mice confirmed the abnormal activation of apoptosis in these mice and indicated that villin and gelsolin function on an early step in the apoptotic signaling at the level of the mitochondria. Similar to gelsolin, villin targets to the mitochondria after the initiation of apoptosis ( Figure 6C ). Consequently, both proteins could regulate the initiation of apoptosis by altering mitochondrial dynamics.
Discussion
In the intestine, the expression of villin and gelsolin is highest in the 'apoptosis-resistant' villus cells and lowest in the 'apoptosis-sensitive' crypts. 28, 29 In this report, we demonstrate that the genetic deletion of villin and gelsolin activates abnormally high rates of apoptosis in villus epithelial cells that are otherwise extremely resistant to apoptotic cell death. Our study demonstrates that the regional differences in the expression of villin and gelsolin along the crypt-villus axis are mechanistically relevant and influence the apoptotic response of the GI epithelium. Although we have previously identified villin as a key regulator of apoptosis in the GI epithelium, we now show that the absence of both villin and gelsolin together is required to dissect the complex interrelationship among all the apoptosis regulators relevant to the intestinal epithelium. 10 Our findings provide a molecular basis for the regulation of normal GI homeostasis and indicate how certain pathological responses could be generated in the GI epithelium by abnormal regulation of villin and gelsolin expression. Indeed, changes in villin expression are linked with several GI disorders associated with abnormal apoptosis. 30 Gelsolin levels are elevated in many senescent tissues where increased gelsolin expression is believed to be responsible for the resistance to apoptosis and to the increased susceptibility of these tissue to cancer. 31 Studies done in yeast have shown that actin functions as a sensor that links changes in the nutritional status with mitochondrial-dependent commitment to cell death. 32 A strong but as-yet-undefined link between the actin cytoskeleton and apoptosis has also been described in plant and animal cells. 32 However, the precise mechanism by which the actin cytoskeleton regulates apoptosis in higher eukaryotes has remained largely uncharacterized. Furthermore, although several eukaryotic actin-regulatory proteins have been linked with cell survival, there are not too many studies that have examined the role of these proteins in vivo. 32 Our study establishes a causal link between the actin cytoskeleton and apoptotic cell death in the GI epithelium. In this study we demonstrate that villin and gelsolin regulate cell survival by preserving steady state actin dynamics. Our studies also reveal that any global perturbation of the actin cytoskeleton are likely detrimental to cell survival. These findings are supported by our previous observation that a truncated mutant of villin (S1-S3) that severs actin in an unregulated manner induces apoptotic cell death. 19 Similarly, a cleaved NH 2 -terminal fragment (S1-S3) of gelsolin has been shown to enhance apoptosis. 33 More compelling data supporting our hypothesis comes from the observation that both, actin-binding drugs that promote actin aggregation and actin-binding drugs that promote actin disruption, induce cell death and are currently being used as anti-cancer drugs. 34 This implicates regulated changes in the microfilament structure and the maintenance of a dynamic actin cytoskeleton in the preservation of cellular homeostasis and identifies actin-binding proteins as physiological regulators of apoptosis.
Similar to gelsolin, villin targets to the mitochondria, consequently, both proteins could regulate the initiation of apoptosis by altering mitochondrial dynamics. Apoptosis is initiated and regulated by changes in mitochondrial morphology and function mediated by changes in trafficking of antiand pro-apoptotic proteins signals that in turn are regulated by their interaction with the microfilament structure. 35 How these protein signals are propagated is not known. As the actin cytoskeleton is a crucial component of the trafficking system, the transport of such cargo is likely influenced by the dynamic nature of the actin cytoskeleton. The ability of villin and gelsolin to associate with the actin cytoskeleton and the mitochondria suggests that they could regulate shuttling of such cargo to or from the mitochondria. The mitochondria are the principal source of ATP and ATP levels are a crucial parameter of cellular homeostasis. It is estimated that a resting cell can consume as much as 50% of cellular ATP. 36 Remodeling of the microfilament structure involves hydrolysis of actin-bound ATP. Conserving ATP during cellular stress by modifying actin dynamics may therefore be a conserved mechanism for cell survival. ) were crossed to generate the villin/gelsolin DKO. The genetic backgrounds and additional details, including changes in the microfilament organization in the villin À/À and gelsolin À/À mice are described elsewhere. 26, 27, 37 Genotypes of DKO pups were determined by PCR as described previously, using a 5 0 primer, 5 0 -TGCACTGGCCTAAAGCTCAC-3 0 (Primer A) and two alternative 3 0 primers; 5 0 -ACCTGATCCTCCATATCTG-3 0 (primer B) that binds exon 1 sequence present only in villin wild-type allele and 5 0 -CGACAGTATCGGCCTCAGG-3 0 (primer C) that binds within the LacZ gene of the targeted allele. 37 Primer set AB generated a 600-bp product (wild-type allele) and primer set AC produced a 900-bp fragment (targeted allele). The primers used for wild-type gelsolin allele were 5 0 -GGCCT GGTGTAGAGAGTACTC-3 0 and 5 0 CTTCTGCTCAGGTTCTGTCCTG-3 0 and those for the gelsolin knock out allele (which bind the neomycin cassette) were, 5 0 -AGA GCAGCCGATTGTCTGTTG-3 0 and 5 0 -CTTCTGCTCAGGTTCTGTCCTG-3 0 . 27 The first set of primers produced a 250-bp fragment and the latter set amplified a 200-bp fragment. 145 A 146 A) and a villin mutant lacking all 10 identified tyrosine phosphorylation sites (VIL/AYFM) have been described in our previous studies. 15, 19, 22 Transfection of MDCK Tet-Off cells. MDCK Tet-Off cells were stably transfected with HA-tagged wild-type gelsolin, wild-type and mutant villin or super enhanced yellow fluorescent protein (SEYFP)-tagged full-length villin as described previously. 19 Transfected cells were cultured in Dulbecco's modified Eagle's medium containing 100 mg/ml G418 sulfate, 100 mg/ml hygromycin B and 10% fetal bovine serum. To repress the expression of gelsolin and the wild-type and the mutant villin genes, cells were cultured in the presence of 10 ng/ml doxycycline., 10 Doxycycline (10 ng/ml) treatment was used to suppress villin and gelsolin expression (VIL/NULL, GSN/NULL cells, respectively) and had no effect on actin levels. All studies were performed with single clones of MDCK cells expressing comparable levels of proteins. Additional studies were performed with a mixed population of clones, which provided similar results. All cell lines expressing either wild-type or mutant villin proteins cultured in the presence of doxycycline behaved similarly (data not shown). Apoptosis assay. Apoptosis was induced by treating cells with CPT (20 mM, 37 1C, 0-5 h) as described previously. 10 The anti-apoptotic response of villin and gelsolin is not cell-type specific or determined by the type of apoptotic stimuli. 10 Cell morphological analysis was done using bright-field images. Changes in nuclear morphology were identified using the cell-permeable DNA dye Hoechst 33258. Hoechst 33258 was added to the culture medium at a final concentration of 10 ng/ml for 10 min at 37 1C All images were collected using a Nikon TE2000 fluorescence inverted microscope equipped with a CoolSnap FX charge-coupled device camera (Roper Scientific, Trenton, NJ, USA) and MetaMorph image analysis software 4.01 (Universal Imaging, Dowington, PA, USA). To assess DNA cleavage PI was used as described elsewhere. 10 The PI fluorescence intensity was measured using a LSR II Special Option Flow Cytometer (BD Biosciences, San Jose, CA, USA) equipped with an Enterprise II dual argon/UV laser. Data were recorded using FlowJo 7.1. software (Tree Star Inc., Ashland, OR, USA). A colorimetric protease assay was used to detect caspase-3 activity as described previously. 10 Briefly, the assay is based on the spectrophotometric detection of the chromophore pNA after cleavage from the labeled substrate for caspase-3 (Ac-DEVD-pNA). The light emission of pNA was quantified using a microplate reader (Bio-Rad, Richmond, CA, USA) at 405 nm. Apoptosis was measured in villin À/À , gelsolin
, DKO and WT mice by counting TUNEL-positive nuclei, as well as histologically in H and E-stained sections of the small intestine essentially as described by us previously. 10 TUNEL assay was performed on paraffin-embedded sections using an in situ cell death detection kit according to the manufacturer's instructions and as described by us previously. 10 A negative control lacking the TUNEL reaction mixture was included in each assay. For these studies, latrunculin and jasplakinolide were used at concentrations that are not toxic to cells. Treatment of MDCK cells with jasplakinolide maintained F-actin filaments, whereas treatment of cells with latrunculin significantly decreased F-actin filaments in these cells. Histology. For histological analysis, mice were killed and the small intestine was removed and fixed in 3.7% formalin. Paraffin-embedded sections of 5-mm thickness were prepared and used for H and E staining. Villus height was measured as described previously. 38 For villin, gelsolin and Ki67 staining, tissue were deparaffinized in xylene for 10 min followed by incubation in serial dilutions of ethanol (100, 95 and 75%) for 5 min each. Following antigen retrieval, sections were incubated for 1 h at room temperature with anti-villin, anti-gelsolin or Ki67 antibodies. Negative controls included samples incubated without primary antibodies. Electron microscopy. Mice were killed and the small intestine was fixed overnight in 2.5% glutaraldehyde prepared in 0.1 M sodium cacodylate buffer (pH 7.4). The tissue was post-fixed in 1% osmium tetroxide and dehydrated in a graded series of alcohol. The tissue samples were embedded in epon araldite and polymerized overnight in a 70 1C oven. The sections were cut using a Diatome diamond at 70-90 nm and stained with uranyl acetate and lead citrate. Images were collected on a JEOL 1200EX Electron microscope (JEOL USA, Peabody, MA, USA) with an AMT 2K digital camera. Confocal microscopy. MDCK Tet-Off cells expressing full-length villin were cultured on coverslips in the absence or presence of doxycycline and treated with CPT (20 mM, 0-5 h). Cells were fixed in 3.7% paraformaldehyde and permeabilized by incubation in phosphate-buffered saline (PBS) containing 0.1% Triton X-100. Cells were incubated with Alexa Fluor 488 (Invitrogen) phalloidin to record the distribution of F-actin. Fluorescence was recorded by confocal laser scanning microscopy (LSM 5 PASCAL; Carl Zeiss, Thornwood, NY, USA). MDCK Tet-Off cells stably transfected with SEYFP-villin cultured in chamber slides and treated without or with CPT were incubated with MitoTracker Red (100 nM, 45 min). Cells were washed and fixed with 3.7% formaldehyde. Fluorescence was recorded by confocal laser scanning microscopy (FV1000; Olympus, Center Valley, PA, USA). Images were processed with Metamorph 4.01. Measurement of total cellular F-actin and G-actin content. Confluent cells were serum-starved overnight (1% serum) and apoptosis was induced by the addition of 20 mM CPT for 0-5 h at 371C. Cells were fixed with 3.7% formaldehyde for 5 min and permeabilized for 1 min at 4 1C with 0.1% Triton X-100 in PBS, pH 7.4. To measure F-actin, cells were rinsed and incubated with 66 nM Alexa Fluor 488 phalloidin in PBS containing 1 % BSA for 1 h at 371C. To measure G-actin, cells were treated and fixed as described above. However, cells were permeabilized with TBS (10 mM Tris and 0.15 M NaCl, pH 7.4) containing 0.1% Triton X-100, 2 mM MgCl 2 , 0.2 mM DTT, and 10% glycerol (v/v) for 1 min at 4 1C. G-actin was labeled with 40 mg/ml Alexa Fluor 488 DNase for 1 h at 37 1C. The total F-actin and G-actin content of cells was measured using the BD LSR II flow cytometer. Data were analyzed using FlowJo 7.1. Visualization of free barbed ends. Cells were serum-starved overnight and treated with CPT (20 mm, 0-5 h). Localization of free barbed ends was performed essentially as described before. 39, 40 Briefly, cells were fixed in 3.7% formaldehyde
